To study the origin of glucose in the oviduct fluid, we cytochemidy examined gIucose-6-phasphatase (G6Pase) activity in rat oviduct. The activity in the whole oviduct was also assayed biochemically. During proestrous, estrous, and metestrous phases, staining reaction for the activity was moderate in the epithelium of the caudal isthmus (Cd) and uterotubal junction (UJ), whereas it was weak in that of the ampulla (A) and cephalic isthmus (CeI). In the diestrous phase, staining reaction in the epithelium of CaI and UJ became strong although it remained weak in that of A and CeI. Reaction product for the activity was localized in the endoplasmic reticulum and nudear envelope of all cell types in the epithelium. The amount of reaction product in secretory cells was small to moderate in CaI and UJ, and small
Introduction
The oviduct fluid, which is mainly derived by secretion from the oviduct epithelium and by transudation from the blood, provides the necessary environment for maturation of gametes, fertilization, and embryonic development. The glucose content of the oviduct fluid is for the cow 0.05-0.09 mM (IO), for the ewe 1.4-1. 6 . The glucose is utilized by the embryo passing down the oviduct; the mouse embryo develops after the 8-cell stage when glucose is the only energy source (8,9,44), and the energy source of the mouse embryo changes from pyruvate to glucose during the early cleavage stage (6, 25) .
On the other hand, a high level of glucose-6-phosphatase (G6Pase) activity is related to glucose (or fructose) release in various organs or cells [e.g., the liver and kidney release glucose into the blood (23,33), principal cells in the ductus epididymis probably release glucose into the epididymal fluid (19), columnar cells in the seminal vesicle probably release fructose into the seminal fluid (18). skeletal muscle or brown adipose tissue is probably among the organs that maintain the blood sugar level in fasted mice (34,43), and non-pigmented epithelial cells in the pars plana and tips of ciliary processes of the ciliary body probably release glucose into the aqueous humor (I)]. Therefore, if the epithelial cells of the oviduct have high G6Pase activity, the cells probably release glucose into the oviduct fluid. However, there are no data in the literature on G6Pase activity in the cells composing the oviduct epithelium.
In the present study, therefore, we examined whether high G6Pase activity, which is enough to achieve glucose release into the oviduct fluid, is present in the cells composing the rat oviduct epithelium and whether the high G6Pase activity varies with the stage of the estrous cycle.
Materials and Methods
Female Wistar rats (240-290 g) about 4 months old were used. The animals were anesthetized with sodium pentobarbital and sacrificed by injection of an excess amount of the drug. The animals had free access to food and water before the experiments. The four phases (proestrus, estrus, metestrus, and diestrus) of the estrous cycle were identified by observing the vag inal smears with Giemsa stain (39) .
The oviducts were divided into four segments under a microscope according to Kellogg (22) . The first segment of the oviducts included the intracapsular segment and the first one and a half or two coils. The second segment was short and comprised not more than a single loop. The majority 1841 I of the coils of the oviducts, anywhere from four to six, belonged to the third segment. The fourth division was short and was mainly confined to the region that ran in the ligamentum ovarii proprium and uterine wall. On the basis of microscopic observation, the first and fourth segments corresponded to the ampulla and uterotubal junction, respectively. For convenience, therefore, the terms "ampulla" and "uterotubal junction" are used here instead of the segment number. In addition, the terms "cephalic isthmus" and "caudal isthmus" (35) are used synonymously with the second and third segments.
Cytochemical Method. For light microscopic (LM) observations, the oviducts in each phase were immediately frozen on dry ice. Fresh frozen sections were cut at 12 pm in a cryostat. The sections were pre-incubated in 0.1 M sodium cacodylate (pH 6.7) containing 10 mM levamisole and 230 mM sucrose at room temperature (RT) for 15 min. Then the sections were incubated at RTfor 30 min in a reaction medium (3.7 mM glucose-6phosphate, 80 mM sodium cacodylate, 3.6 mM lead nitrate, 230 mM sucrose, 10 mM levamisole, pH 6.7) (42) . modified from the Wachstein and Meisel medium (40) . Levamisole was added to inhibit alkaline phosphatase activity (38) (see Results). The sections were washed in 0.1 M sodium cacodylate (pH 7.4), immersed briefly in dilute ammonium sulfide solution, washed again in the buffer, and briefly post-fixed with 10% formalin before mounting in glycerin jelly.
For electron microscopic (EM) observations, the oviducts were fixed by immersion in 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) at 4'C for 30 min and immersed in 0.1 M sodium cacodylate containing 230 mM sucrose at 4°C for 1 hr. Sections (30 pm) were cut by a freezing microtome. The fixed sections were pre-incubated in 0.1 M sodium cacodylate (pH 6.7) containing 10 mM levamisole and 230 mM sucrose at RT for 15 min. Then the sections were incubated at RTfor 1 hr in a reaction medium (3.7 mM glucose-6-phosphate, 80 mM sodium cacodylate, 3.6 mM cerium chloride, 230 mM sucrose, and 10 mM levamisole, pH 6.7) (1) with one change of the medium after 30 min. The sections were post-fixed in 1% buffered Os04 at 4% for 2 hr, dehydrated, and embedded in Spurr's resin.
Thin sections were stained with uranyl acetate and lead citrate and examined in a JEM 1004 EM.
To ascertain whether the staining reaction or reaction product is due to G6Pase activity, control experiments were carried out (20J1.36) as follows. Before incubation in the reaction medium, fixed sections or fresh frozen sections were immersed in 0.1 M acetate buffer (pH 5) at 37'C for 30 min (to inhibit G6Pase activity). Sections were pre-incubated in 0.1 M sodium cacodylate (pH 7.4) containing 10 mM NaF and 230 mM sucrose at RT for 15 min and then incubated in the reaction medium containing an equimolar amount of NaF (to inhibit G6Pase activity). Sections were incubated in the reaction medium containing an equimolar amount of p-glycerophosphate in place of glucose-6-phosphate.
Biochemical Method. Whole oviducts (a pair per animal) were homogenized at 4°C in 60 volumes of 0.25 M sucrose in a Potter-Elvehjem-type homogenizer for 1.5 min at 2000 rpm. The homogenates were centrifuged at 2000 x gat 4'C for 15 min and then assayed for G6Pase activity according to the method described by Leskes et al. (28) . The assay medium con-tained 30 mM glucose-6-phosphate, 30 mM sodium cacodylate, and 10 mM levamisole. Incubation was done at 37% for 30 min. The inorganic phosphorus released was determined by the Phosphor C-test (Wako Pure Chemical; Osaka, Japan). Protein was estimated by the method of Lowry et al. (30) . G6Pase activity was expressed as nanograms of phosphorus liberated min/mg protein.
Data were subjected to statistical analysis using one-way analysis of variance followed by Duncan's multiple-range test.
Cytochemical Results
Light Microscopy. The staining reaction for G6Pase activity was seen in the epithelium of all segments of the oviduct. However, the intensity of the reaction was heterogeneous and varied with the estrous cycle. In the proestrous, estrous, and metestrous phases, the staining reaction was weak in the ampulla (A) and cephalic isthmus (GI) (Figures la and lb), whereas the reaction was moderate in the caudal isthmus (CaI) and uterotubal junction (UJ) ( Figures  IC and Id) . In diestrus, although the staining reaction in A and CeI remained weak (Figures 2a and 2b) , the intensity of the reaction became strong in CaI and UJ (Figures 2c and 2d) . Therefore, the intensity of staining reaction in A and CeI appeared unchanged during the four phases of the estrous cycle.
The lamina propria, tunica muscularis, and tunica serosa of the oviduct showed very weak reaction during the four phases.
Electron Microscopy. The epithelium of rat oviduct consists of simple columnar epithelium containing four basic cell types: ciliated cells, secretory cells, peg cells, and basal cells. In A and CeI the majority were ciliated cells, and secretory cells were few. Peg cells and basal cells were also few. In CaI the majority were secretory cells and ciliated cells were few. Basal cells were few and peg cells were not seen. In UJ the epithelium consisted of secretory cells.
The reaction product for G6Pase activity was present in the endoplasmic reticulum (ER) and nuclear envelope in all the four cell types. The plasma membrane, mitochondria, peroxisomes, and Golgi apparatus contained no reaction product. The reaction product in lysosomes is probably due to acid phosphatase activity (see below).
In A and CeI the amount of reaction product for G6Pase activity was small in both secretory cells and ciliated cells during proestrus, estrus, and metestrus (Figures 4a and 4b) . The amount in peg cells and basal cells was very small. In the diestrous phase, however, the amount in secretory cells became small to moderate ( Figure  5a ) but the amount in ciliated cells (Figure 5b ) and peg or basal cells remained small and very small. In CaI the amount of reaction product in secretory cells was small to moderate (Figure 6a ) but the amount in ciliated cells was small ( Figure 6b ) during proestrus, estrus, and metestrus. In the diestrous phase, the amount in secretory cells became abundant (Figure 7a ). although the amount in ciliated cells (Figure 7b ) and basal cells remained small and very small. In UJ the amount of reaction product in secretory cells was small to moderate during proestrus, estrus, and metestrus, and abundant in diestrus.
Therefore, the amount of reaction product in ciliated cells remained small in the four segments during the four phases. A sparse amount of reaction product was sometimes seen in the ER and nuclear envelope in endothelial cells of blood vessels, smooth muscle cells, and fibroblasts in the oviduct, except for the epithelium.
When the sections were incubated in medium containing no levamisole, a small amount of reaction product was seen in the luminal plasma membrane of secretory cells. However, the reaction product disappeared if the sections were incubated in the regular medium containing levamisole. Ciliated cells contained no reaction product in the plasma membrane if the sections were incubated in the medium containing no levamisole.
Control Experiments. The staining reaction in the epithelium of oviduct or the reaction product in the ER and nuclear envelope in the four cell types in the epithelium disappeared when the sections were pre-incubated in the acetate buffer (Figures 3 and 8) , pre-incubated and then incubated with NaF, or incubated in the reaction medium containing P-glycerophosphate in place of glucose-6-phosphate. Therefore, the staining reaction or the reaction product is the result of G6Pase activity. The reaction product in lysosomes in the cells disappeared when the sections were pre-incubated and then incubated with NaF but was present when the sections were pre-incubated in the acetate buffer or incubated in the reaction medium containing S-glycerophosphate in place of glucose-6phosphate. Therefore, the reaction product in lysosomes is probably due to acid phosphatase activity.
BiochemicaZ Results
G6Pase activity in whole oviducts in the diestrous phase was greater than that in the proestrous, estrous, or metestrous phase (Table 1 ).
Discussion
As shown in the present results, the LM staining reaction for G6Pase activity was moderate in the epithelium of the CaI and UJ, although the reaction was weak in that of the A and CeI during proestrus, estrus, and metestrus. In the diestrous phase, however, the staining reaction became strong in the epithelium of the CaI and UJ. whereas the reaction remained weak in that of the A and CeI. The amount of reaction product for the activity at the EM level was most abundant in the ER and nuclear envelope of secretory cells in the CaI and UJ in the diestrous phase. However, the amount remained small in ciliated cells in the four segments during all four phases. The epithelium of the UJ consists of secretory cells (11, 22) . Secretory cells are the major cell type in the epithelium of the CaI, and ciliated cells are the minor cell type (11.22). In addition, the ER is more extensive in secretory cells than in ciliated cells (32) . Therefore, the strong staining reaction in the epithelium of the CaI and UJ in the diestrous phase is due to high G6Pase activity in the extensive ER in secretory cells.
In addition to the high G6Pase activity in secretory cells in the CaI and UJ in the diestrous phase, the biochemical G6Pase activity in the whole oviduct in diestrus (228.5 ng Pilminlmg protein) is relatively high; it is higher than the activity in the submandibular gland and pancreas (76.3 and 94.2) (41) and white adipose tissue (16.3; our unpublished data), although it is similar to or lower than the activity in the ciliary body (196) (I), in the white portion of the medial gastrocnemius muscle (205) (42) . ductus epididymis (280) (19), seminal vesicle (270) (18). and brown adipose tissue (259.7) (43) . The high G6Pase activity in these organs is related to glucose (or fructose) release into the blood, aqueous humor, epididymal fluid, or seminal fluid. Therefore, the high G6Pase ac-tivity in secretory cells in the CaI and UJ in the diestrous phase is probably related to glucose release into the oviduct fluid.
The mammalian embryo undergoes qualitative and quantitative changes in energy substrate utilization during the preimplantation period. The mouse embryo develops well after the 8-cell stage, when glucose is the only energy source (8,9,44) . The energy source for the mouse embryo changes from pyruvate to glucose during the early cleavage stages (6, 25) . Activity of hexokinase, which catalyzes phosphorylation of glucose taken up by the mouse embryo, also increases from two cells to the blastocyst stage (7,37) . The mouse embryo at the 8-cell stage (60 hr after ovulation) is passing down the end of the CaI (4,14) . The estrous cycle of the rat, 4-5 days, is similar to that of the mouse (39). Furthermore, the process of development until implantation in the rat is similar to that in the mouse (4,17) . In the present results, G6Pase activity was highest in secretory cells in the epithelium of the CaI and UJ in the diestrous phase (48-84 hr after ovulation). Glucose, which is produced by the high G6Pase activity and secreted into the oviduct fluid, is probably used by the rat embryo at the 8-cell stage passing down the CaI and UJ. It is unknown whether the secretion of glucose is mediated by glucose transporters similar to those reported in various types of cells (2,3).
Leese (24) and Leese and Gray (26) reported that oviduct epithelial cells took up a large amount of glucose from blood and formed glucose-6-phosphate. The high G6Pase activity in secretory cells of the CaI and UJ in the diestrous phase probably mediates the hydrolysis of glucose-6-phosphate and releases glucose from the cells into the oviduct fluid. Another possible source of glucose in the oviduct fluid is glucose from the blood, transported through the intercellular space between neighboring oviduct epithelial cells. In the mouse, however, the glucose content in the fluid (3.4-5.2 mM) (13) apparently differs from that in the blood (7.3 mM) (34). It is therefore unlikely that glucose traverses freely through the oviduct epithelium. Recently, McRae (31) found that mannitol could not traverse the uterine epithelium of rats and showed the presence of the blood-uterine lumen barrier. This suggests the presence of a similar barrier between the blood and the oviduct lumen.
